INTRODUCTION
============

Intracellular Ca^2+^ is an important second messenger that regulates a wide range of cellular events and physiological functions. It has long been recognized that dysregulation of Ca^2+^ homeostasis is associated with a plethora of pathological conditions including neurodegenerative diseases, skeletal muscular and cardiovascular disorders. In non-excitable cells, one of the most ubiquitous pathways involved in regulated Ca^2+^ influx across plasma membrane (PM) is the store-operated Ca^2+^ entry (SOCE). It was first described by Putney nearly three decades ago in salivary glands cells termed as capacitative Ca^2+^ entry [@B001].

In this pathway, intracellular Ca^2+^ release through IP3 receptor stimulated by a variety of agonists, results in reduction of Ca^2+^ concentration in the lumen of endoplasmic reticulum (ER); the depleted Ca^2+^ stores in turn activates the SOCE channel to allow extracellular Ca^2+^ across PM, which eventually refills the empty ER Ca^2+^ stores. The molecular players mediating SOCE were discovered rather recently. Large scale unbiased RNA interference (RNAi)-based screen identified stromal interaction molecule 1 (STIM1) as the ER Ca^2+^ sensor [@B002]-[@B004]. Shortly, the same RNAi screen together with a finding of severe combined immune deficiency (SCID) that is caused by a defect in Ca^2+^ entry of T cells, led to a groundbreaking discovery of a membrane protein as the SOCE channel [@B005]-[@B008]. This protein was named Orai, after the Keeper of Heaven's gate in Greek mythology. STIM1 is an ER membrane protein with a luminal EF-hand allowing it to detect changes in the ER Ca^2+^ content. Orai1 is an integral membrane protein with four trans-membrane domains and cytoplasmic N- and C-termini. Upon ER Ca^2+^ store depletion or reduction in some cases, STIM1 molecules cluster at the ER/PM junctional region, where they directly interact with Orai1 and send retrograde signals for the assembled Orai1s and consequent channel opening [@B009],[@B010]. Genetic mutations in Orail1 or STIM1 in patients and knock-out strains of either protein in mice abolish SOCE in lymphocytes and other cells in the body. These findings provide compelling evidence that Orai1 and STIM1 comprise the minimal functional unit of SOCE. In addition to STIM1 and Orai1, mammalian genomes also encode a STIM homologue, STIM2, and two other Orai genes, Orai2 and Orai3. Since the identification of STIMs and Orais, the structural-functional understanding of SOCE components and mechanism in a variety of cell types, especially in immune cells have greatly advanced.

The discovery of SOCE in excitable cells, especially in skeletal muscle is a Johnny-comes-lately. Although intracellular Ca^2+^ is a central player in excitation-contraction coupling (E-C coupling) to fulfill muscle's mission, extracellular Ca^2+^ is not required for normal contraction in skeletal muscle or is required for contraction but permeated through L-type voltage-gated Ca^2+^ channel in cardiac muscle cells [@B011]. Thus, for a long time, it had been believed that there was no room for SOCE in muscles cells, especially in adult skeletal muscle. This belief was cracked by several studies in early of this century. Kurebayashi *et al*. demonstrated that depletion of the SR Ca^2+^ stores by repetitive stimulation of Ca^2+^ release in combination with inhibitors of the SERCA Ca^2+^ pump resulted in activation of SOCE in skeletal muscle fibers isolated from adult mice [@B012]. We further demonstrated that the activation of SOCE is coupled to SR Ca^2+^ release channel in a graded manner and it is important to keep muscle contractility during fatiguing stimulation, when the SR Ca^2+^ are quickly depleted [@B013]. Later, a strong body of evidence indicates that SOCE impacts muscle physiology in many aspects. The importance of SOCE is further confirmed in mice lacking STIM1 which die perinatally and in patients with mutations on STIM1 or Orai1 who exhibit a myopathy or hypotonia [@B014]-[@B016].

Since the molecular structure of STIM1 and Orai1 has received extensive attention and many recent excellent review articles have provided details about the advances in this field [@B017]-[@B021], this review only focuses on five topics related to the role of SOCE in skeletal and cardiac muscles. First, we introduce the detection of SOCE in skeletal muscles and the distinct properties of SOCE in muscle compared with that in non-excitable cells. Second, we outline the SOCE complex in the context of unique architecture of muscle junctional membranes. Third, we review the physiological functions of Orai1 and STIM1 in skeletal muscle, such as its involvement in muscle contractility, fatigue and muscle aging. Fourth, we summarize the confirmed muscle diseases resulted from malfunction of SOCE and the mutations in STIM or Orai. Lastly, we discuss the role of SOCE in heart with emphasis on areas of controversy and uncertainty as well as future challenges in this exciting growing field of research.

DETECTION OF SOCE IN SKELETAL MUSCLE
====================================

Skeletal muscle utilizes a highly specialized Ca^2+^ signaling apparatus to couple electrical excitation across the PM to myofibril contraction. It contains two major protein components: the L-type voltage-gated Ca^2+^ channel (dihydropyridine receptors, DHPR), which senses the depolarization of the sarcolemma, and the ryanodine receptor 1 (RyR1), which mediates Ca^2+^ release from SR to trigger rapid and coordinated muscle contraction throughout the muscle fiber [@B011],[@B022],[@B023]. During an action potential (AP, 2-5 ms in a fast-twitch muscle), DHPRs relay a charge signal to the RyR1s through direct interaction but themselves do not mediate extracellular Ca^2+^ entry since the kinetics of activation of DHPR are at least 1 order of magnitude slower than the AP itself [@B024],[@B025]. In additional to the DHPR/RYR1 interaction, the skeletal muscle fiber also has an efficient system to recycle Ca^2+^ into SR stores for relaxation and for utilization on the next contraction-relaxation cycle, which is achieved mainly by the SR/ER Ca^2+^-ATPase 1 (SERCA1) [@B026]-[@B028]. There are three SERCA isoforms and SERCA1 is the skeletal muscle isoform with fastest kinetics [@B029]. The reuptake of cytosolic Ca^2+^ to SR stores is efficient enough that the normal skeletal muscle contractions can be sustained in the absence of external Ca^2+^, therefore, it is not surprise to see that SOCE had been largely overlooked as a resource for SR Ca^2+^ store refilling in skeletal muscle. However, the efficiency of this Ca^2+^ cycling apparatus is really challenged to support all Ca^2+^ needs for muscle contractions involving repetitive bursts of tetanic stimulations in strenuous exercise or fatigue, or perhaps during hypoxia, or other situations of higher metabolic demand and also under pathological conditions. Indeed, several studies demonstrated that SOCE is called-in under these conditions. Repeated application of high concentration of K^+^ combined with SERCA inhibitor without external Ca^2+^ was shown to result in the depletion of SR Ca^2+^ stores, which in turn activated SOCE in isolated muscle fibers from adult mice [@B012]. In primary cultured myotubes, we observed the activation of SOCE in response to depletion of SR Ca^2+^ stores via either inhibition of SERCA by thapsigargin or by locking of RyR1 Ca^2+^ release channel at the open configuration via combination of caffeine and ryanodine [@B013]. These studies clearly demonstrated the existence of SOCE in skeletal muscle. Besides SOCE, excitation coupled Ca^2+^ entry (ECCE) has been detected as another form of Ca^2+^ entry [@B030],[@B031]. ECCE is activated by prolonged membrane depolarization or stimulatory trains rather than by the reduction/depletion of SR Ca^2+^ stores. However, considerable overlap may exist between the two forms of Ca^2+^ entry, for example, both involve coupling to RyR1 [@B032]. Furthermore, it can be argued that these long stimulatory trains might work as a form of fatiguing stimulation, which in turn might reduce the SR Ca^2+^ stores. In addition, these long trains might open the L-type Ca^2+^ channel long enough for Ca^2+^ entry to occur through these channels also.

After the initial reports on SOCE in skeletal muscles, increasing evidence has accumulated to reveal the important roles of this Ca^2+^ entry in normal skeletal muscle physiology, muscle development and aging [@B017],[@B033]-[@B035]. These studies were largely facilitated by the convenient methods for detection and measurement of SOCE in skeletal muscles. The kinetics and functional properties of SOCE in non-excitable cells are routinely revealed by electrophysiology patch-clamp studies. However, the whole-cell recording in adult muscle fiber or in myotube has been extremely challenging since the small conductance of SOCE channels can be easily missed in activate and complex Ca^2+^ currents in these excitable cells. In addition, it is much easier to patch cells that do not respond with contractions upon physical manipulation. Only recently, the electrophysiology measurements of I~CRAC~-like currents in skeletal myotubes were successfully conducted by a few research groups [@B014],[@B036].

A large body of knowledge about SOCE in muscle cells has been gained by fluorescence-imaging based intracellular Ca^2+^ measurements because of its convenience and feasibility in muscle cells [@B037]. The most common one of these fluorescence methods is to directly monitor the dynamics of intracellular Ca^2+^ using the ratio of F~340\ nm~ and F~380\ nm~ (510 nm for emission wavelength) of the ratiometric Ca^2+^ indicator Fura-2. To isolate the activity of unidirectional SOCE from intracellular Ca^2+^ release and Ca^2+^ extrusion, a Mn^2+^ quenching assay is also frequently used. Although it is not for sure, Mn^2+^ is generally believed to cross PM through SOCE while it is impervio us to the surface membrane extrusion processes or to ER uptake by Ca^2+^ pumps due to its very high Fura-2 affinity. As a result, the quenching of Fura-2 fluorescence induced by the entry of extracellular Mn^2+^ into the cells represents a measurement of activity of SOCE [@B038]. To gain the spatial and temporal information of activity of SOCE in the structurally specialized skeletal muscle, a high-resolution laser scanning confocal microscopy imaging method has been developed [@B032],[@B038],[@B039]. This method takes advantage of two low-affinity Ca^2+^ indicators sequentially trapped into specific compartments of a mechanically skinned muscle fiber, i.e. Rhod-5N in the transverse-tubules (T-tubules) and Fluo-5N in the SR. This dual-dye method allows simultaneous measurement of SR Ca^2+^ content and Ca^2+^ concentration in T-tubules; the threshold in SR Ca^2+^ storage for SOCE activation and the kinetics of SOCE thus can be conveniently studied in adult skeletal muscles.

These approaches have informed that SOCE in skeletal muscle was sensitive to blockade by Ni^2+^, resistant to nifedipine and can be suppressed by SOCE blockers, such as skf-96365, 2-aminoethoxydiphenyl borate (2-APB) and YM-58483/BTP-2 [@B012],[@B013],[@B040]. These characters are the same as those in non-excitable cells; however, many differences are obvious. In T-cells, the IP3 receptor is required for the activation of SOCE through direct conformational coupling. Using primary cultured myotubes derived from neonates of *ryr1(−/−) ryr3(−/−)* mice, we demonstrated that SOCE was significantly impaired in myotubes lacking RyR1 and RyR3, which provided direct evidence to support a model of RyR-coupled SOCE in muscle cells. This RyR-dependent SOCE can be activated by combination of caffeine and ryanodine in both myotubes and adult skeletal muscle fibers and is sensitive to azumolene [@B032], a water-soluble equipotent analog of dantrolene (the only available treatment for malignant hyperthermia \[MH\]). While thapsigargin-induced depletion of SR Ca^2+^ stores leads to maximal activation of SOCE, this TG-induced SOCE is insensitive to azumolene in muscle cells. These findings highlight that there are two distinct portions of SOCE in skeletal muscles, i.e. RyR1-dependent and RyR1-independent, which can be distinguished by azumolene. Another different property of SOCE in skeletal muscle is the fast kinetics. In non-excitable cells, the development of SOCE requires tens of seconds for full activation; whereas in skeletal muscle, SOCE is activated within a second [@B014],[@B041]. The possible mechanisms underlying the fast kinetics of skeletal muscle SOCE are discussed in next section.

SOCE SIGNALING COMPLEX IN TRIAD JUNCTION
========================================

The discoveries of ER Ca^2+^ sensor STIM1 and PM channel pore unit Orai1 have provided molecular tools to understand the mechanism of SOCE regulation in both non-excitable cells and skeletal muscles. We now know that the interaction between STIM1 and Orai1 is essential for transduction of the retrograde signal from ER/SR lumen to activation of SOCE at the PM in lymphocytes and other non-excitable cells. Recent crystal structure of Orai determined at 3.35A resolution further revealed that the channel gating requires Orai1-STIM1 coupling [@B042]. In muscle cells, a large body of evidence convincingly demonstrated that Orai1 and STIM1 are the major players in SOCE signaling complex even though other PM Ca^2+^ permeable channels, e.g. TRPC may participate [@B043],[@B044]. Both Orai1 and STIM1 are abundantly expressed in neonatal myotubes and adult skeletal muscle fibers as consistently shown by RT-PCR, Western blot and immunostaining [@B014],[@B035],[@B045],[@B046]. Orai1 apparently is required for the activation of SOCE in myotubes since expression of human dominant-negative Orai1 (dnOrai1, E106Q) resulted in abolished SOCE [@B047]. In the same study, the authors also used transgenic mice with muscle-specific expression of dnOrai1 and characterized Orai1-dependent SOCE in adult skeletal muscle. STIM1 is expressed at such a high level in skeletal muscle that only T cells and the cerebellum have comparable expression levels [@B014]. During myogenesis, STIM1 not only increases in expression but also aggregates and redistributes to the cellular periphery. Myotubes lacking STIM1 fail to exhibit SOCE and mice lacking STIM1 die perinatally from a skeletal myopathy. These findings and other reports highlight both Orai1 and STIM1 as essential components of the SOCE machinery in skeletal muscle.

E-C coupling occurs in the junction between the T-tubule, an invagination of sarcolemma, and the terminal cisternae of SR in a structure known as the "triad" [@B048],[@B049] (see [Fig. 1](#F0001){ref-type="fig"}). The triad junction provides a unique architecture for the direct interaction between DHPRs and RyRs, which mediates signal transduction of voltage-induced Ca^2+^ release to initiate consequent myofilament contraction [@B022]. The triad junction also seems to provide a specialized frame structure for rapid activation of SOCE, which is supported by several lines of evidence. Endogenous Orai1 co-localizes with STIM1 at triad junction to form STIM1--Orai1 complexes upon store depletion in muscle fibers isolated from adult mice [@B047]. Rosenberg and colleagues showed that STIM1 locates in both the terminal cisternae and the para-junctional SRs in electron micrograph, which is consistent with immunostaining study on partial co-localization of STIM1 and RYR1 [@B014]. Based on these findings, they proposed that there are two pools of STIM1 proteins: a fast pool, in which STIM1s are ready to couple with Orai1s for a quick response; a reserve pool, in which STIM1 are away from triad junction but are able to translocate to terminal cisternae membranes, perhaps these pools are used under different pathophysiological conditions, for example exacerbated SOCE occurs in muscles from dystrophic animals and humans. It is possible that STIM1 already interacts with Orai1 in the absence of SR store depletion in the fast pool, even though a recent study interprets otherwise [@B047]. Using a bimolecular fluorescence complementation (BiFC) approach, Wei-LaPierre *et al*. delivered complementary DNAs encoding cherry-STIM1-N (1-158)YFP and cherry-Orai1-C (159-283)YFP into FDB muscles by electroporation [@B047]. Their results demonstrated that the transfected muscle fibers failed to show basal YFP fluorescence, whereas a strong YFP signal could be observed following thapsigargin-induced SR store depletion. While this provides evidence to support the notion that there are dramatic conformational changes in STIM1 and Orai1 after SR store depletion, more rigorous and direct examinations will warrant the conclusion of whether or not STIM1 and Orai1 form preassembled complexes in muscle cells.

![Model of SOCE machinery in triad junction of skeletal muscle. SOCE in skeletal muscle displays rapid kinetics compared to non-excitable cells, which is likely attributed to a unique architecture between the plasma membrane (PM) and the sarcoplasmic reticulum (SR). In skeletal muscle, T-tubule invagination of the PM touches SR membranes. The close PM-SR junctional structure, known as "triad", enables direct control of the RyR1/Ca^2+^ release channel by the DHPR via voltage-induced Ca^2+^ release. The released Ca^2+^ can be rapidly reuptake into SR by SERCA pump to complete the rapid contraction and relaxation cycle in skeletal muscle. STIM1s, as SR luminal Ca^2+^ binding proteins, can detect the reduction of Ca^2+^ concentration inside the SR lumen, undergo conformational changes, which in turn serves as a retrograde signal to activate Orai1 channel at T-tubule via direct contact interaction. Junctophilins (JP) and mitsugumin29 (MG29) are essential protein components of the junctional membrane structure between PM and SR. Disruption of JP or MG29 expression results in uncoupling of PM with SR, leading to dysfunction of SOCE. Alternatively, JP or MG29 may directly interact with RyR or other molecules involving in SOCE. Calsequestrin (CSQ) is a SR luminal Ca^2+^ binding protein, which influences the activation of SOCE by either altering the function of RyR or altering the Ca^2+^ homeostasis inside the SR lumen.](BMB-47-69-g0001){#F0001}

The fast kinetics of SOCE was also proposed to be attributed to a new splice variant of STIM1, STIM1L (L for long since it contains extra 106 a.a than the already well-described 90-kD STIM1) [@B050]. STIM1L is abundant in skeletal muscle, heart and central nervous system, but much less in non-excitable cells. It co-localizes with Orai1 even when the SR store is full and interacts with actin to form permanent clusters at the triad junction. Silencing of endogenous STIM1L results in delayed SOCE activation and rapid depletion of SR Ca^2+^ stores in respond to repetitive depolarization-induced Ca^2+^ releases. Perhaps, the two mechanisms, i.e. STIM1L and fast pool of STIM1 at terminal cisternae membranes, are not excluding each other in supporting the fast kinetics of SOCE in skeletal muscle. Nevertheless, both mechanisms likely require the triad junction to provide the essential structure basis. A tantalizing possibility is that the specific SR Ca^2+^ level at the time of contraction could dictate which pool to be used or that metabolic status could directly influence on the accessibility of specific pools. Furthermore, the new expanding field of tissue endocrine crosstalk might imply that secreted factors from other tissue (for example bone secreted factors that influence muscle function) could influence the utilization of these pools [@B051],[@B052].

If the specialized frame structure in triad junction is essential for the interaction between STIM1 and Orai1 in activation of SOCE in skeletal muscles, any disruption of this triad complex is expected to result in dysfunction of SOCE. To test this hypothesis, we have used two approaches to alter the tight coupling between triad junction membranes and examined the activity of SOCE in muscle cells. The formation and maintenance of triad junction require two major supportive proteins: mitsugumin29 (MG29) and junctophilin (JP). MG29 is a synaptophysin-family member protein with specific location in triads of skeletal muscle [@B053]. In adult muscle fiber, MG29 is present predominantly on the T-tubule membranes in the form of homohexamer ([Fig. 1](#F0001){ref-type="fig"}) [@B048],[@B054]. Abnormalities of membrane ultrastructure around the triad junction were detected in skeletal muscle from the *mg29(-/-)* mice: the T-tubules were swollen and sometimes missing and the SR networks were poorly formed with vacuolated and fragmented structures, leading to mis-alignment of triad junctions [@B055],[@B056]. These ultra-structural defects occurred during early myogenesis and remained in adult skeletal muscles. JP is a major protein component at junctional membrane complexes in excitable cells with a unique secondary structure: a large cytoplasmic region and a carboxyl-terminal transmembrane segment spanning the SR/ER ([Fig. 1](#F0001){ref-type="fig"}) [@B054],[@B057],[@B058]. The cytoplasmic region of JP contains repeated motifs of 14 amino acid residues termed "membrane occupation and recognition nexus" or MORN motifs, and exhibit selective binding affinity to the plasma membrane. So far, four subtypes of JPs are identified: JP1, predominantly expressed in skeletal muscle; JP2, distributed in both skeletal and heart muscles; JP3 and JP4, abundantly expressed in the brain and testis [@B059],[@B060]. In skeletal muscle, JP1 and JP2 link the T-tubules and SR membranes together to form triad junctions via their specific anchorage to the SR/ER membrane and MORN motifs selective interaction with the PM ([Fig. 1](#F0001){ref-type="fig"}). Knockout of JP1 reduces number of triad junctions and abnormal SR structure in skeletal muscle [@B061]; overexpression of JP1 induces rolled up T-tubules and SR membranes and abnormal junctional membranes in cardiac muscle [@B062]. When the triad junctional structures are disrupted by either removal of MG29 or knockdown of JP1 and JP2, the SOCE machinery indeed is impaired. We used individual myotubes derived from *mg29(-/-)* or control *mg29 (+/+)* mice and identified a defective SOCE in skeletal muscle [@B013]. The skf-96365 sensitive-SOCE in *mg29(-/-)* cells were only about 30% of that in *mg29(+/+)* cells regardless of the mode of depletion of SR stores, either through sustained opening of the RyR channel by caffeine and ryanodine or through complete inhibition of SERCA by thapsigargin. In cultured C2C12 myotubes transfected with plasmid and freshly isolated FDB muscle fibers infected with adenovirus containing shRNA against JP1 and JP2 expression, we observed disruption of T-tubules/SR structure as a result of silencing of *jp1* and *jp2* genes and a loss of graded-activation of SOCE as well as impaired SR Ca^2+^ stores [@B038]. In an *ex vivo* model using the skinned EDL muscle fibers with adenoviral expression of shRNA against both JP1 and JP2, we further showed that acute suppression of JP1 and JP2 led to a remarkable uncoupling of SOCE activated by exposure to thapsigargin and caffeine, which component is sensitive to skf-96365 and 2-APB in control fibers [@B038].

As illustrated in [Fig. 1](#F0001){ref-type="fig"}, it is currently believed that the SOCE machinery as a signaling complex locates at triad of skeletal muscle and contains several components, e.g. STIM1, Orai1 and RyR1. In addition to their functions as structural protein to maintain the triad junction membranes, MG29 and JP1 may also actively regulate other components in SOCE complex directly. For example, we found that the purified MG29 protein enhanced activity of the RyR channel incorporated into the lipid bilayer membrane [@B063]. Co-expression of MG29 and RyR in CHO cells caused cell apoptosis due to depletion of ER Ca^2+^ stores and activation of SOCE, suggesting a functional interaction between MG29 and RyR. Others also reported that MG29 might direct interact with TRPC3, another PM Ca^2+^ channel possibly involved in SOCE in muscle cells [@B064]. Recently, JP2 was reported to interact with TRPC3 or Orai1 and thus to modulate SOCE directly [@B065],[@B066].

The retrograde signaling from STIM1 to Orai1 likely resembles well the coupling between RyR and DHPR. Thus, the SR lumen Ca^2+^ binding proteins, which are known to regulate E-C coupling may play similar roles in regulation of SOCE. Calsequestrin (CSQ) might be the best example of such proteins. CSQ, a SR-resident protein in muscle cells, has previous known function as Ca^2+^ buffer in the lumen of SR and was recently recognized to participate in the active Ca^2+^ release process from SR by actively modulating RyR/Ca^2+^ release channel [@B022]. Several studies including ours demonstrated that CSQ also involves in the regulation of SOCE in muscle cells. Overexpression of the full-length CSQ in cultured skeletal myotubes led to inhibition of SOCE, which was absent with overexpression of CSQ lacking the Ca^2+^-binding motif located on the carboxyl-terminal region [@B067]. Using small-hairpin RNA, we further demonstrated that knockdown of CSQ caused elevation of extracellular Ca^2+^ entry into the myoplasm via SOCE [@B068]. And more importantly, this was accompanied by alteration of Ca^2+^ release from SR and sensitivity of SOCE to elevated temperature, which may explain MH-like symptoms observed in the CSQ knockout mice [@B069].

PHYSIOLOGICAL FUNCTIONS OF SOCE IN SKELETAL MUSCLES
===================================================

The primary function of skeletal muscle is to perform rapid Ca^2+^-mediated contraction to generate force. What is the role of SOCE in this process? Although SOCE has relatively faster kinetics than non-excitable cells, it is still too slow in a single contraction-relaxation cycle to account for any significant contribution of the elevation of cytosolic Ca^2+^ for twitch contraction during a brief AP or SR Ca^2+^ refilling during repolarization. As mentioned previously, SOCE likely participates the muscle contractions during tetanic stimulations in strenuous exercise or fatigue, and also under common conditions where a contraction might need to be sustained for long period. Fatigue is defined as a reversible decrease in the isometric contractile force in response to an increase in the frequency or duration of stimulation (intermittent fatigue) or due to the prolongation of stimulation (continuous fatigue) [@B070]. Evidences from isolated intact muscle fiber show that the size of the free Ca^2+^ store declines during fatigue and recovers upon rest, whereas extracellular Ca^2+^ influx is required to replenish the depleted SR Ca^2+^ stores. Our earlier work showed that the fatigue pattern of isolated muscle fibers clearly depended upon extracellular Ca^2+^ since removal of Ca^2+^ from bath solution significantly reduced the sustained force output at the end of the tetanic stimulation [@B013]. This extracellular Ca^2+^ influx is mainly through SOCE since application of skf-96365, 2-APB or BTP-2 can increase muscle fatigue even in an extracellular solution containing 2 mM Ca^2+^. Another strong evidence to support the role of SOCE is obtained from studies using soleus muscles isolated from MG29 null mice. Compared with wild type muscle, soleus muscle without MG29 demonstrated susceptibility to muscle fatigue and the difference between the two muscles was diminished in bath solution containing either 0 mM Ca^2+^ or SOCE channel blockers, such as skf-96365, which indicates that the dysfunction of SOCE in MG29 null muscles results in the susceptibility to fatigue.

Since our original publication on SOCE in muscle cells lacking *mg29(-/-)*, more studies from multiple groups including us have been reported to further support the function of SOCE in muscle contractility. Using mice lacking sarcalumenin, a Ca^2+^-binding protein located in the SR of skeletal and cardiac muscle cells, we showed that sarcalumenin ablation significantly elevated expression of MG29 and resulted in altered SOCE and enhanced muscle fatigue resistance [@B071]. EDL muscles lacking functional STIM1 fail to show SOCE and fatigue rapidly [@B047]. Moreover, transgenic mice with muscle-specific expression of dnOrai1 demonstrate defect in SOCE and rapid fatigue in adult skeletal muscle [@B047]. It is worth noting that the contribution of SOCE to muscle contractility may not limit to only through SR Ca^2+^ stores refilling, it is also possible through modulatory role on E-C coupling, such as the channel function of RyR1.

In addition to controlling E-C coupling, changes in intracellular Ca^2+^ also serve as signals to regulate muscle development, differentiation and remodeling through downstream Ca^2+^-dependent pathways, such as calcineurin, NFAT, mitogen-activated protein (MAP) kinases, extracellular signal-regulated kinase 1 and 2 (ERK1/2), canonical Wnt and AKT [@B033],[@B072]. Interestingly enough, the signaling involved cytosolic Ca^2+^ ions largely come from extracellular Ca^2+^ reservoir in skeletal muscle, presumably through STIM1 and Orai1 mediated-SOCE. After birth, skeletal muscle undergoes an enormous period of growth and differentiation whereas myoblasts fuse together and differentiate into myotubes, and then muscle fibers. In both cultured mouse muscle cell line C2C12 and cultured human myoblast derived from muscle biopsies, the expression levels of STIM1 and Orai1 are dramatically increased accompanied by enhanced SOCE activity during differentiation of myoblasts into myotubes [@B073]. Silencing of STIM1 or Orai1 greatly reduces SOCE and impairs myoblast differentiation, whereas overexpression of STIM1 and Orai1 accelerates differentiation in the myoblasts by increasing fusion events [@B073]. Using conditional skeletal muscle STIM1-/- knockout mice, Li *et al*. demonstrated that STIM1-mediated SOCE is required for cellular processes that are necessary for neonatal muscle growth and differentiation [@B074]. Together these observations implicate that STIM1 and Orai1-mediated SOCE are likely to regulate processes necessary for myoblast fusion and differentiation.

Skeletal muscle has various muscle types with distinct physiological and metabolic parameters to provide a variety of functional properties. In response to environmental demands, skeletal muscle remodels by activating signaling pathways to reprogram gene expression to sustain muscle performance. Although lack of direct evidence, it is reasonable to believe that STIM1 and Orai1-medated SOCE may also involve in the various Ca^2+^-dependent signaling pathways and multiple transcription factors in adult skeletal muscle remodeling. An inducible skeletal muscle specific transgenic mouse model, in which the expression of STIM1 or Orai1 in skeletal muscle can be controlled at will, will greatly facilitate the research in this area. The details about the SOCE-dependent signal pathways in muscle growth and differentiation can be found in a recent comprehensive review [@B033].

Whether STIM1 and Orai1-medated SOCE also involve in the significant decline in contractile force during muscle aging is still debating. Besides muscle atrophy, compromised E-C coupling, lack of sufficient available Ca^2+^ to allow for repetitive muscle contractility, likely all contribute to muscles weakness. We showed that SOCE is compromised in aged skeletal muscle but not in young ones and the reduction of SOCE activity correlates with loss of contractile function during aging [@B045],[@B075]. Moreover, we found that the expression of STIM1 and Orai1 do not change during muscle aging, but the expression of MG29 is significantly reduced in aged muscle, indicating that the compromised SOCE may be associated with reduction of MG29. From a conceptual point of view one would expect SOCE to be reduced during aging in muscles and other tissues since a natural response of aging is the downregulation of channels, transporters, co-transporters mechanisms [@B076]. Perhaps it is not just a mere coincidence that aged neuronal have been reported to display reduced SOCE [@B077]. Despite all these lines of evidence that favor the view of reduction in SOCE during aging in skeletal muscles, further studies, especially the availability of aged mice with skeletal muscle conditional knockdown or knockout of STIM1 and/or Orai1 will provide valuable tools to elucidate the functions of STIM1 and Orai1 in skeletal muscle aging.

SOCE AND SKELETAL MUSCLE DISEASES
=================================

The involvement of SOCE in skeletal muscle disease was clear when Orai1 was identified as the pore-forming subunit of SOCE channel. A missense mutation (R91W) in the first transmembrane domain of Orai1 was found in patients with SCID and these patients also suffer from myopathy with symptoms of global hypotonia and respiratory muscle weakness [@B008],[@B019]. The results of a muscle biopsy from one of the patients revealed atrophy of type II fibers. Then later, a mutation in STIM1 was also identified in patients with a syndrome of immunodeficiency and nonprogressive muscular hypotonia [@B016]. More recently, other dominant STIM1 mutations have also been found as a genetic cause of tubular-aggregate myopathy (TAM) [@B078]. Tubular aggregates are regular arrays of tubules membrane accumulating in muscle during aging and TAM is characterized by progressive muscle weakness. Compared with wild-type STIM1 that clusters and interacts with Orai1 for SOCE activation only after SR Ca^2+^ stores depletion, the TAM-related STIM1 mutations appear to have constitutive aggregation even with a filled Ca^2+^ store. A significant higher basal Ca^2+^ level and a dysregulation of SOCE were observed in the muscles cells derived from TAM patients. These phenotypes from patients bearing mutations in Orai1 or STIM1 are consistent with the observations from Orai1 and STIM1 knockout mice although muscle dysfunction is more severe in such mice. STIM1-deficient mice often die perinatally and the muscle weakness is obvious during tetanic stimulations, whereas twitch contractions are normal [@B014].

Increased Ca^2+^ influx and activation of cytosolic proteases play a key role in the pathogenesis of Duchenne muscular dystrophy (DMD). Although the exact mechanism underlying this abnormal Ca^2+^ influx remains elusive, SOCE is proposed to be involved. Both STIM1 and Orai1 are found to be significantly elevated in the adult dystrophic muscles in *mdx* mice, a well-known DMD animal model [@B040]. Parallel increases in SOCE activity and SR Ca^2+^ storage are also detected in these dystrophic muscle fibers. When high-efficient shRNA probes against Orai1 were delivered into the flexor digitorum brevis muscle in live mice, knockdown of Orai1 eliminated the differences in SOCE activity and SR Ca^2+^ storage between the *mdx* and wild type muscle fibers. Furthermore, intraperitoneal injection of BTP-2 could suppress SOCE activity and cytosolic calpain1 activity. Together, these data indicate that upregulation of Orai1-mediated SOCE contributes to the disrupted Ca^2+^ homeostasis and elevated proteolytic activity in *mdx* muscles.

MH is a potentially fatal pharmacogenetic syndrome in which exposure to volatile anesthetics triggers uncontrolled elevation of cytosolic Ca^2+^, skeletal muscle hypercontracture, and hypermetabolism, resulting in a dramatic rise in body temperature [@B079]. The hyperactivity or leakiness of the RyR1 channel has been described as the primary physiological defect in MH-susceptible muscle. Similar as MH, central core disease (CCD) is another muscle diseases associated with mutations in RyR1. Patients with CCD suffer from progressive muscle weakness from a young age and are also at increased risk for the development of MH. To date, the only effective treatment for MH is dantrolene sodium, a skeletal muscle relaxant, which suppresses the uncontrolled rise in intracellular Ca^2+^. It was previously assumed that the uncontrolled elevation of cytosolic Ca^2+^ seen in MH was through Ca^2+^ release from the SR. However, several recent studies suggest that SOCE may contribute to the sustained increase in cytosolic Ca^2+^ in MH skeletal muscle. We showed that dantrolene analog azumolene inhibits SOCE both in skeletal muscle fibers and in cultured cells expressing RyR1 [@B032]. Duke *et al*. demonstrated that halothane treatment resulted in activation of SOCE in myofibers from patients with MH but not in control [@B080]. SOCE could be blocked in MH muscle fibers by application of a STIM1 antibody to the t-tubular system. Accelerated activation of SOCE current is also observed in myotubes derived from MH mouse models. These findings provide strong evidences to support the functional role of STIM1 and Orai1-mediated SOCE in the pathophysiology of MH.

Sarcopenia is defined as muscle wasting associated with functional impairment during aging. Patients possess significant reduction in muscle strength, caused by muscle protein wasting, and loss of functionality. Various conditions leading to muscle wasting involve different pathways of intracellular signaling that trigger apoptosis, Ca^2+^-dependent proteases (calpains and caspases) and decreased satellite cell activation/responsible for muscle regeneration, etc. While sarcopenia is considered a normal part of healthy aging, studies suggest that the progression of sarcopenia can be slowed if the specific molecular process responsible for its pathophysiological effects can be determined and specifically targeted [@B081]. In fact, the complexity of aging muscle wasting comes with an intriguing signature where muscle mass does not necessarily match functional status (*i.e.* muscle contractile force and muscle power) [@B082]-[@B086]. Multiple factors contribute to this phenomenon, including increased fatty infiltration and an increased prevalence of myosin type I expression in aging skeletal muscle. We have proposed that another key reason is the reduced SOCE with aging, since a reduced SOCE will naturally lead into a reduced SR Ca^2+^ stores and lesser amount of Ca^2+^ available for contractions [@B045].

SOCE IN CARDIAC MUSCLE
======================

Comparing with the advances in skeletal muscle, the physiological function of SOCE in heart is much less clear and even the existence of SOCE in adult cardiomyocytes is still debating [@B087]. Cardiac DHPR is able to mediate extracellular Ca^2+^ entry and triggers Ca^2+^ induced Ca^2+^ release during contractility in cardiomyocytes. In addition, STIM1 has very low expression in cardiomyocytes and is even undetectable in isolated adult mouse cardiomyocytes using RT-PCR and Western blot assay (our unpublished data). Moreover, neither patients nor mice lacking functional STIM1 or Orai1 show any obvious cardiac muscle-related phenotypes, which is consistent with the idea that the SOCE pathway is less important in heart at least in normal physiology. On the other hand, SOCE appears to be developmentally regulated in heart, with activity prominent in embryonic and neonatal cardiomyocytes and undetected in adult cardiomyocytes. In a mouse atrial cardiomycyte cell line, HL-1, the expression of STIM1 and Orai1 and the existence of SOCE have been reported [@B088]. Interestingly, HL-1 cells present more neonatal cardiomyocyte phenotype including spontaneous contractions. As with skeletal muscles, these authors found a potential correlation of a role of SOCE under pathological conditions in the heart.

A recent study using zebrafish model demonstrated that isolated Orai1-deficient cardiomyocytes exhibit loss of the calcineurin-associated protein calsarcin from the z-discs and defected mechanosignal transduction [@B089]. Furthermore, the authors also discovered that inactivation of Orai1 resulted in the development of heart failure in zebrafish. Lou, et. al provided evidence to show that the expression of STIM1 reappear in cardiomyocytes during extreme physical activity and STIM1/Orai1-mediated SOC is required for enhanced cardiac output [@B090]. This study revealed that neonatal cardiomyocytes express significant amounts of STIM1 and STIM1L, which decrease with cardiomyocyte maturation. Consistent with the idea of a prominent role of STIM1 in cardiomyocytes under stressful situations, STIM1L expression in mature cardiomyocytes reappears with agonist- or after load-induced cardiac stress. A heart phenotype in STIM1- and Orai1-deficient mice or patients bearing mutations in *stim1* and *orai1* genes might become apparent after long-term processes such as aging, stressful stimuli, or enduring exercise, although patients with mutations in *stim1* and *orai1* may succumb to immunodeficiency in their childhood and the impact of defect SOCE on the heart may never be revealed.

Several independent groups reported the important role of STIM1-mediated SOCE in regulation of cardiac hypertrophy [@B087],[@B090]-[@B092]. Ohba *et al*. demonstrated that endothelin-1 induced activation of SOCE in neonatal cardiomyocytes, which in turn stimulates NFAT nuclear translocation and cardiomyocyte hypertrophy [@B091]. More importantly, the NFAT translocation and cardiomyocytes hypertrophy could be diminished by silencing STIM1. Later, similar results were observed in cardiomyocytes following knockdown of Orai1 [@B092]. Transfection of cardiomyocytes with constitutively active-STIM1 alone could increase hypertrophy and silencing of STIM1 gene *in vivo* protected the heart from pressure overload-induced hypertrophy. Clearly, the roles of STIM1 and Orai1-mediated SOCE in cardiac physiology and diseases are emerging.

CONCLUDING REMARKS
==================

Over the past few years we have gained significantly the basic molecular insight of STIM/Orai-mediated SOCE. However, many questions regarding the contribution of STIM and Orai proteins to skeletal muscle and cardiac physiology and pathophysiology remain. Understanding of the mechanisms by which STIM and Orai proteins exert their physiological roles in the muscle specific environs will be a major challenge over the coming years. While STIMs and Orais have already been proposed as potential therapeutic targets for treatment of certain immune diseases associated with dysregulation of SOCE, the related exciting developments in skeletal muscle and heart area are expected as well.
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